1. Introduction {#sec1}
===============

PCOS is a complex endocrine and reproductive disorder affecting women of reproductive age which is primarily characterized by reproductive hormones dysregulation, polycystic ovarian morphology, anovulation, amenorrhea, infertility as well as many other conditions \[[@bib1]\]. The etiology and pathophysiology of this disease remain a puzzle. However, most commonly discussed causes are insulin resistance and hyperinsulinemia, hyperandrogenemia and genetic factors \[[@bib2]\].

Recent studies have shown that Vitamin D deficiency and oxidative stress (OS) and its consequence of low-grade inflammation may play a significant role in pathogenesis of PCOS. OS is an imbalance between oxidants and antioxidants resulting in an abnormal redox state of cell. OS has been found to be closely linked with hyperandrogenemia, insulin resistance and its consequence of hyperinsulinemia \[[@bib3]\]. Many investigations have revealed that, OS markers such as malondialdehyde (MDA), Nitric oxide (NO) and Xanthine oxidase (XO) levels are significantly higher in patients with PCOS compared with the normal \[[@bib4]\]. In accordance, enzymatic antioxidants including superoxide dismutase (SOD), catalase and Glutathione peroxidase (GPx) have also be found to be higher in serum of women with PCOS as compared with the normal \[[@bib3]\]. High rate of expression of OS related genes such as nuclear factor erythroid 2-related factor 2 (Nrf2), Kelch-like ECH-associated protein 1 (Keap1) heme-oxygenase-1(HO-1) has been reported PCOS animal model as well.

Vitamin D (ergocalciferol-D2, cholecalciferol-D3) is a fat-soluble vitamin that promote calcium and phosphorus absorption. Vitamin D3 deficiency is common in PCOS patients, with 67--85% of the patients having serum concentrations of 25-hydroxy Vitamin D3 (25OHD) less than 20 ng/ml \[[@bib5], [@bib6], [@bib7]\]. Vitamin D deficiency may exacerbate symptoms of PCOS, with observational studies showing lower 25OHD levels associated with insulin resistance, ovulatory and menstrual irregularities, lower pregnancy success, hirsutism, hyperandrogenism, obesity and elevated CVD risk factors \[[@bib8]\]. Vitamin D deficiency has long time been identified as critical factors in the pathophysiology of PCOS and many studies have been done to assess its therapeutic effect on the disorder but the results are inconsistent, possibly due to interplay with other factors. Meanwhile Vitamin D deficiency has been reported to have strong associated with OS and low grade inflammation in PCOS patient \[[@bib9]\]. Thus in addressing Vitamin D deficiency in PCOS, the effect of OS must be taken into consideration.

MitoQ~10~ is a modified form of ubiquinone CoQ~10~ by conjugating it with lipophilic triphenylphosphonium cation (TPP^+^) that target mitochondria oxidative stress \[[@bib10]\]. Magwere et al showed that MitoQ~10~ prolongs life span of SOD-impaired patients and improves pathologies associated with antioxidant deficiency \[[@bib11]\]. Although, many studies have attested the efficacy of MitoQ~10~ in managing oxidative stress related disorders but result of MitoQ~10~ as therapeutic candidate of PCOS is scanty and as far as we know the effect of MitoQ~10~ and Vitamin D3 on PCOS has not been investigated.

Due to the strong association of OS and Vitamin D deficiency with the pathogenesis of PCOS, We therefore proposed that MitoQ~10~ and Vitamin D3 could be potential therapeutic candidates for the management of PCOS.

Several methods are used to create animal model for PCOS including prenatal or postnatal exposure to high dose of androgens such as testosterone (T), dihydrotestosterone (DHT), dehydroepiandrosterone (DHEA) and androstenedione (A4). However postnatal treatment of mice and rats with subcutaneous injections of DHEA for 15--20 days offer less invasive and sufficient means to induce PCOS \[[@bib12]\]. Lee et al concluded that, postnatal treatment of rodents with DHEA induced almost all human PCOS characteristics and therefore offers one of the best methods in creating PCOS animal model \[[@bib13]\].

Thus, this study employs DHEA for inducing PCOS mouse model followed by administration of MitoQ~10~ and Vitamin D3. The effects of these treatments are assessed by analysis of serum hormones (estradiol, progesterone, FSH, LH and LH/FSH ratio) levels in addition to OS markers (SOD and MDA) levels. Moreover, the effects of these treatments are also assessed by histomorphological analysis of ovaries as well as mRNA expression rate of steroidogenic and OS related genes including P450 side-chain cleavage enzyme (P450scc or Cyp11a1), 3β-hydroxysteroid dehydrogenase (3β-HSD), cytochrome P450 aromatase (Cyp19a1), steroidogenic acute regulatory protein (StAR), Nrf2, Keap1 and HO-1*.*

2. Materials and methods {#sec2}
========================

All the animal handlings and procedures in this study were carried out in strict accordance with the 8th edition of the "Guide for the Care and Use of Laboratory Animals" The protocol for this study was evaluated and approved by Institutional Research Ethics Committee, Vice Chancellor in Research Affairs (Tehran University of Medical Sciences) with ethical certificate ID of IR.TUMS.VCR.REC.198.085.

This present study was conducted in two stages. The first stage was induction and verification of PCOS models and the second stage involved administration and assessment of the effect of MitoQ~10~ and Vitamin D3 on the induced PCOS model.

2.1. Induction of PCOS experimental animal model {#sec2.1}
------------------------------------------------

Forty eight (48) females of 25-days old (12--13g) balb/C mice (in 6 sub-groups of 8 mice each) were injected with DHEA (6mg/100g body weight dissolved in 0.01ml 95% ethanol and mixed with 0.09ml sesame oil) for 20 continuous days (Dehydroepiandrosterone group) as reported in earlier study \[[@bib14]\]. Eight female mice of the same age and weight were injected with 0.09ml sesame oil mixed with in 0.01 ml 95% ethanol for 20 continuous days (Vehicle group) while another 16 more balb/C mice (in 2 sub-groups of 8 mice each) of same age and weight range were not given any treatment (Control group). The animals were kept in a temperature (25 ± 1 °C) and illumination (12 h light and 12 h dark) controlled facility with free access to food and water. Daily inspection and weighing were performed throughout the experimental period in order to observe changes in weight. The estrous cycle was determined daily by vagina smear starting from 5th day after commencing the injection of DHEA. After 20 days, 8 mice (45 days old) were randomly selected from each of the DHEA and Control sub groups, and all the 8 mice in Vehicle group were anesthetized and sacrificed by cervical dislocation. Blood sera were collected and analyzed to determine the amount of estradiol, progesterone, LH and FSH. Six ovaries from each group were fixed in 10% formalin until later histological preparations. The remaining ovarian samples were cleared up in HBSS culture medium, washed in ice cold PBS and kept at -80 °C (New Brunswick Scientific U410-86, England) until further analysis.

### 2.1.1. Assessment of estrous cycle {#sec2.1.1}

The vaginal opening was flushed about 10 times with pipette containing double deionized water (ddH~2~O) to obtain the epithelia cells. The final flush was transferred onto glass slide and allowed to completely dry at room temperature. The smear was stained with crystal violet for 1 min and washed twice (1 min each) in dH~2~O and observed with microscope (Olympus IX71) equipped with camera (Olympus E-30). The identification of leukocytes, nucleated epithelial and cornified epithelial cells, was used as markers to determine the stage of estrous (proestrus, estrous, metestrus, or diestrus) cycle.

### 2.1.2. Histmorphological assessments of ovary {#sec2.1.2}

Six ovaries from each group (DHEA, Vehicle and Control) of 45-day old mice were fixed overnight at 4 °C using fresh 10% formalin. The ovarian tissues were dehydrated (with graded series of alcohol), embedded (in paraffin wax) and sectioned (5μm). The sections were then mounted on glass microscope slide deparaffinized using xylene and rehydrated in a graded series of alcohol. The tissues on the slide were then stained with hematoxylin and eosin and covered with cover slip by using resin as adhesive. The prepared slides were then examined to observe histomorphological features using microscope (Olympus IX71) equipped with camera (Olympus E-30).

### 2.1.3. Hormonal assay {#sec2.1.3}

Blood samples were collected from the mice in all the groups (Dehydroepiandrosterone, Vehicle and Control) by cardiac puncture immediately after cervical dislocation. The blood was put into 2 ml tubes to clot and centrifuged at 2500 rpm for 10 min. The serum was collected and froze (New Brunswick Scientific U410-86, England) until the next day when estrogen, progesterone, LH, and FSH concentrations were determined by using specific Chemiluminescence Immunoassay (CLIA) kit (Abnova, Taiwan) strictly according to the manufacturer\'s instructions.

2.2. Administration of Vitamin D3 and MitoQ~10~ {#sec2.2}
-----------------------------------------------

After confirmation of PCOS in DHEA treated mice based on virginal smear, hormonal (estradiol, progesterone, LH, FSH and FH/FSH ratio) levels and ovarian histomorphological results, the remaining DHEA treated mice were organized into 5 groups of 8 mice each. The groups are Negative control (NC), MitoQ~10~ (MQ), Vitamin D3 (VD), Vitamin D3 vehicle (VDV) and Vitamin D3 plus MitoQ~10~ (V+M). The NC group continued to receive subcutaneous injection of injection of DHEA (6mg/100g body weight dissolved in 95% ethanol and mixed with 0.09ml sesame oil) for 20 days. The VD group, received daily intraperitoneal (IP) injection of Vitamin D3 (Iran Hormone and Pharmaceutical Co. Iran) of 1 mg/kg body weight (as previously reported \[[@bib15]\]) dissolved in 98% ethanol and distilled water and at a dose of 100μl. In the VDV group, 98% ethanol mixed distilled water at a dose of 100μl was injected daily via IP for 20 days. The MQ group mice were given 250μM (Sigma Aldrich, USA) of MitoQ~10~ as the only source of drinking water for 20 days as previously stated \[[@bib16]\]. Mice in V+M group received daily IP injection of Vitamin D3 (1 mg/kg body weight) dissolved in 98% ethanol and distilled water at a dose of 100 μl for 20 days while concurrently given 250μM of MitoQ~10~ as the only source of drinking water. The remaining 8 mice in the Control group during induction of PCOS model were then labeled as Positive control (PC) and received no treatment. The animals were continuously kept in the facility with the same conditions as stated earlier. In order to keep tract, each mouse was given unique permeant identification mark. Daily weighing assessment and virginal smear were continuously performed.

After 20 days of Vitamin D3 and MitoQ~10~ treatments, all the 8 mice (70 days old) in each group were anesthetized and sacrificed by cervical dislocation. Blood serum and ovarian samples were collected and stored at -80 °C until further analysis. The collected sera were later analyzed to determine the amount of LH, FSH, estradiol, and progesterone by using specific CLIA kit according to the manufacture\'s instruction as stated earlier. In addition, the blood sera of all the 8 mice in each group were also subjected to biochemical analysis to determine the level of MDA SOD and protein concentration by using specific kits (Pazhouhan Razi, Iran).

To assess histomorphological features, 5 ovaries from each group were fixed in 10% formalin and later subjected to routine histological preparation as already described. Follicles were identified and counted based on their mean diameters, which were determined by two perpendicular diameters in the histological sections in which the nucleolus of the oocyte is present. Follicle with diameter less than 100μm were counted as pre antral follicles while those with diameter above 100μm with antrum were considered as antral follicles. Follicles with lose and thin granulosa cell layer and degenerative oocyte were identified as atretic. Follicular cysts were characterized with thin wall lined with flattened or cuboidal granulosa cells, absence of oocyte and large amount of follicular space (fluid). The remaining ovaries in each group were quickly cleared up in HBSS culture medium, washed in ice cold PBS and kept at -80 °C for western blotting, real time PCR and biochemical analysis.

To assess mRNA expressing of steroidogenic genes (Cyp 11a1, Cyp 19a1, 3β-HSD and StAR), the Control, Vehicle, Dehydroepiandrosterone, NC, VDV, VD, MQ, V+M as well as PC groups, RNA extraction (from whole ovarian tissue), cDNA synthesis, and RT-PCR were carried out. In addition, the expression of mRNA of Keap 1, Nrf2 and HO-1 in ovarian tissue were determined in NC, VDV, VD, MQ, V+M and PC groups. Moreover, western blotting analysis was also carried out to determine the rate of enzyme expression of Cyp 19a1 and 3β-HSD genes in the ovaries of Control, Vehicle, Dehydroepiandrosterone, NC, VDV, VD, MQ, V+M well as PC groups while the ovarian enzyme expression of HO-1 and Nrf2 were determined only in the NC, VDV, VD, MQ, V+M and PC groups.

### 2.2.1. RNA extraction, cDNA synthesis and real-time PCR {#sec2.2.1}

Five ovaries from each group (Control, Vehicle, Dehydroepiandrosterone, NC, VDV, VD, MQ, V+M well as PC) were used for RNA extraction. The RNA extraction was carried out by using BioFact RNA extraction kit according to the manufacture\'s instruction. Briefly: The ovary tissues were grinded in liquid nitrogen using sterilized mortar and pistil and transferred into 1.5ml tube. Nine hundred microliters of lysis buffer was added to the sample and vortex for 20sec followed by 8 min of incubation at room temperature. Four hundred microliter of chloroform was added, vortexed for 10s incubated at room temperature for 2 min followed by 5 min of centrifugation at 1300rpm. About 500 μl of the upper phase was transferred to new tube and 250 μl of isopropanol was added. The solution was then subjected to series of centrifugation and addition of RW and the column was transferred to 1.5μl tube. Forty microliters of diethylpyrocarbonate (DEPC)-treated water was added, incubated for 3 min at room temperature and centrifuged at 11000rpm for 1min. The extracted RNA was analyzed for its concentration and purity using spectrophotometer and stored at -80 °C until further analysis.

The extracted RNA was treated with DNase to get rid of any DNA that might be still present. cDNA was synthesized using BioFact cDNA synthesis kit strictly according to the manufacturer\'s instructions. Briefly: 500 ng/μl RNA (amount based on extracted RNA concentration), 1 μl of oligo dt primer, 10 μl of 2x RT pre-mix were mixed together. The total volume of the mixture was amounted to 20 μl by addition of diethylpyrocarbonate (DEPC)-treated water. The cDNA was synthesized by conventional PCR machine (Corbett Research CG1-96, Australia) programmed to run with incubations of 5 min room temperature, heating the mixture for 30 min at 50 °C and inactivation of RTase at 95 °C for 5 min. For quantitative PCR, cDNA of Cyp19a1, 3β-HSD, Cyp11a1, StAR, Keap 1, Nrf2, NO-1 and β-actin genes, were mixed with SYBR Premix EX TaqTM, primers of each gene and ROXTM Reference Dye, and amplified using a StepOne TM Real-Time PCR System. The primers were designed using the allele ID software and NCBI gene database. Primers were verified and optimized to ensure their high level of accuracy and specificity before using in RT-PCR. Details of the primers are given in [Table 1](#tbl1){ref-type="table"}. The Real-Time PCR results were analyzed using delta-CT values to estimate the amount of mRNA.Table 1Primers used for real-time PCR analysis.Table 1GeneForward sequence (5′-3′)Reverse sequence (5′-3′)Tm (°C)CYP 11A1GCGGTTCATCAATGCTGTCTACAGGTCTTAGTTCTGAGGAGTCG73.9CYP 19A1TGGACGAAAGTGCTATTGTGAAGAGATGTTTGGTTTGATGAGGAGAG69.13β-ΒHSD2AGGGAGACACTGGACACAAAGTTGCTGAAGGACTTGATTACACC72.3StARGACTAAACTCACTTGGCTGCTCTGGTTGGCGAACTCTATCTGG74.6Nrf2GAGGTCACCACAACACGAACATCTCATAAGGCCCCACCTC60.5Keap1CTGCCCAATTCATGGCTCACACTTAGGGTGGATGCCTTCGAT61.3HO-1CACGCATATACCCGCTACCTCCAGAGTGTTCATTCGAGC53.3β-actinCAGCCTTCCTTCTTGGGTATGGAGAGGTCTTTACGGATGTCAACG56.0

### 2.2.2. Western blot {#sec2.2.2}

Protocol for western blotting was according to the method previously described by Bakshilazedeh et al. \[[@bib14]\] Briefly: protein was extracted from 4 ovaries of mice in all the groups. The protein extraction was done by using 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, lysis buffer (50 mM Tris--HCl \[pH 7.4\]), 150 mMNaCl, 1 mM PMSF, 1 mM sodium fluoride, 1% NP-40, 1mM EDTA and 1 mM sodium orthovanadate (Na3VO4) supplemented with phosphatase and protease inhibitor cocktail. The protein concentration was determined by using Bio-Rad Protein Assay. Twenty micrograms (20-μg) of protein was loaded into each lane to be separated electrophoretically by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS--PAGE) and transferred onto polyvinylidene difluoride (PVDF). Five percent non-fat dried milk was used block the membrane for 1 h at room temperature to enhance specific binding. PVDF membrane was incubated with primary antibodies (Santa Cruz Biotechnology, Inc, USA), a mouse monoclonal antibodies (at final dilution of 1:1000) to Cyp19a1, 3β-HSD, HO-1and Nrf2 in TBST (containing 5% non-fat dried milk powder) for overnight at 4 °C. After three times of 20 min washing with TBST, the membrane was incubated with secondary antibody (Santa Cruz Biotechnology, Inc, USA), a horseradish peroxidase \[HRP\]-conjugated anti-mouse antibodies (at final dilution of 1:500) in TBST with 5% non-fat milk powder in room temperature for 1 h. Subsequently, the incubated membrane was washed with TBST (three times for 20 min) and incubated with substrate (ABTS). Immunoreactivity and signals were monitored by chemiluminescence autoradiography. Quantification of protein bands was finally carried out using NIH image J Software.

2.3. Statistical analysis {#sec2.3}
-------------------------

Statistical analyses were performed using SPSS software (version 22.0 for Windows; SPSS Inc. Chicago, IL, USA) and Microsoft Excel for windows (version 2016). Graphs were plotted using GraphPad Prism (version 8.0.1, La Jolla, CA, USA). For evaluating the statistical significance of differences between reference group and other groups, Student\'s *t* test or one-way analysis of variance (ANOVA) with Tukey\'s post hoc test were used. Unless otherwise indicated, Control (CONT) and Negative Control (NC) were selected as reference groups in the model induction and treatment groups respectively. Data are expressed as mean ± SD. P value less than 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. Determination of estrus cycle {#sec3.1}
----------------------------------

Daily assessment of estrous cycle (proestrous, estrous, metestrus and diestrus) were made by staining vaginal smears with crystal violet and observed under camera-equipped microscope. Many nucleated epithelia cells and cornified epithelia cells respectively characterized the proestrus and estrous stages. In the metestrus stage, the nucleated epithelia cells were relatively in smaller amount as compared with the cornified epithelia cells and leucocytes. However, in the diestrus stage, predominant cells were leukocytes. All the four stages of estrus cycles were observed in the Control and Vehicle groups while in DHEA treated group, the cycle was halted at estrus stage ([Figure 1](#fig1){ref-type="fig"}). The estrus cycle assessment continued during period of Vitamin D3 and MitoQ~10~ administration. It was observed that, the mice in NC and VDV groups continued to have estrous cycle arrested at estrous stage while in VD, MQ, V+M and PC groups, all the four stages were observed ([Figure 2](#fig2){ref-type="fig"}). Interestingly, 75% and 87.5 % of mice in MQ and VD groups respectively had a complete recovery of estrus cycle. However, in V+Q group, all the mice had complete estrus cycle recovery ([Table 2](#tbl2){ref-type="table"}).Figure 1Vaginal smear of DHEA, Control and Vehicle groups showing **A** (proestrus), **B** (estrus), **C** (metestrus) and **D** (diestrus). Nucleated epithelia cells (white arrow), cornified epithelia cells (red arrow) and leukocytes (yellow arrow) were observed (crystal violet stain, X100).Figure 1Figure 2Vaginal smear of Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups showing **A** (proestrus), **B** (estrus), **C** (metestrus) and **D** (diestrus). Nucleated epithelia cells (white arrow), cornified epithelia cells (red arrow) and leukocytes (yellow arrow) were observed (crystal violet stain, X100).Figure 2Table 2Percentage of mice that restored normal estrus cycle among Negative control (NC), MitoQ~10~ (MQ), Vitamin D3 (VD), Vitamin D3 vehicle (VDV), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups.Table 2GroupsTotal number of miceTotal number of mice that restored estrous cyclePercentage of estrous cycle restorationNegative Control (NC)800.0%Vitamin D3 Vehicle (VDV)800.0%Vitamin D3 (VD)8785.5%MitoQ~10~ (MQ)8675.0%Vitamin D3 and MitoQ~10~ (V+M)88100.0%Positive Control (PC)88100.0%

3.2. Hormonal assay {#sec3.2}
-------------------

Blood sera collected from mice in DHEA, Control and Vehicle groups were analyzed using specific CLIA kits to determine the level of Estradiol, Progesterone, LH and FSH. The amount of these hormones were higher in DHEA when compared with control. However, between the control and vehicle groups, no significant different level of these hormones was observed ([Table 3](#tbl3){ref-type="table"}). After 20 days of Vitamin D3 and MitoQ~10~ administration to DHEA induced PCOS mice, the sera of the mice of NC, VDV, VD, MQ, V+M and PC groups were also analyzed with specific CLIA kits to quantify the levels of Estradiol, Progesterone, LH and FSH. The amount of all of these hormones were significantly higher in the NC as compared with all the remaining groups except with the VDV where no significant difference was recorded ([Table 4](#tbl4){ref-type="table"}).Table 3Serum hormonal levels of DHEA, Control and Vehicle groups.Table 3HormoneControl (Mean ± SD)Vehicle (Mean ± SD)DHEA (Mean ± SD)Estradiol (pg/ml)24.9 ± 1.326.0 ± 1.2\#36 ± 1.8∗∗Progesterone (ng/ml)1.6 ± 0.11.7 ± 0.1\#5.1 ± 0.4∗∗LH (IU/L)2.2 ± 0.52.0 ± 0.1\#8.1 ± 0.7∗∗FHS (IU/L)1.0 ± 0.20.9 ± 0.2\#2.4 ± 0.2∗∗LH/FSH2.12.3\#3.4∗∗[^1]Table 4Serum hormonal levels of Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups.Table 4HormoneNC (Mean ± SD)VDV (Mean ± SD)VD (Mean ± SD)MQ (Mean ± SD)V+M (Mean ± SD)PC (Mean ± SD)Estradiol (pg/ml)77.3 ± 6.481.3 ± 4.7\#36.7 ± 1.2∗∗42.3 ± 1.5∗33.3 ± 1.3∗∗31 ± 1.5∗∗Progesterone (ng/ml)7.2 ± 0.27.1 ± 0.2\#4.1 ± 0.4∗4.5 ± 0.3∗3.3 ± 0.1∗∗3.4 ± 0.1∗∗LH (IU/L)18.8 ± 1.118.5 ± 1.2\#8.2 ± 0.3∗∗8.8 ± 0.2∗∗6.3 ± 0.1∗∗6.7 ± 0.2∗∗FHS (IU/L)5.1 ± 0.15.4 ± 0.2\#4.0 ± 0.1∗∗3.8 ± 0.1∗∗3.2 ± 0.1∗∗3.2 ± 0.1∗∗LH/FSH3.7 ± 0.33.4 ± 0.1\#2.1 ± 0.1∗∗2.3 ± 0.1∗2.0 ± 0.0∗∗2.1 ± 0.1∗∗[^2]

3.3. Histomorphological assessment of ovaries {#sec3.3}
---------------------------------------------

Hematoxylin and eosin stained section of ovaries from all the groups were examined under microscope. The ovaries from Control and Vehicle groups were observed to have normal cortical and medullar histological features. Follicles at various stages of development such as pre antral, antral, atretic as well as corpora lutea were also observed. In contrast, the ovaries from the DHEA treated group appeared to have abnormal histomorphology with many atretic follicles, follicular cyst and no corpus luteum. The appearance was typical of PCOM with cyst having compacted small sized granular cells and very thin theca cells ([Figure 3](#fig3){ref-type="fig"}). The PC and M+Q groups ovarian histomorphological features were very similar to that of the Vehicle and Control groups while that of NC and VDV also appeared to be very similar to that of DHEA treated group. The histomorphological features of ovaries from VD and MQ group were improved but substantial number of atretic follicles and follicular cysts were still present ([Figure 4](#fig4){ref-type="fig"}). Counting was done to estimate and compare the mean number of follicular structures in the histological section from the various groups. Intriguingly, significant differences in the average number of, antral follicles, atretic follicles, follicular cysts and corpora lutea were observed between the NC group and the all the other groups except the VDV group ([Table 5](#tbl5){ref-type="table"}).Figure 3Histomorphological sections of ovaries from DHEA: **A&D**, Vehicle: **B**&**E** and Control: **C&F** groups. In A and D, many follicular cyst (**FC**) and atretic follicle (**AtF**) but no corpus luteum (**CL**) was observed. In B, E, C and C various stages of follicular development such as pre-antral follicle, antral follicle (**AF**), and corpus luteum (**CL**) were observed (H&E, A B C: × 40, D E F: ×100).Figure 3Figure 4Histomorphological sections of ovaries from**:** Negative control (NC): **A&B**, Vitamin D3 vehicle (VDV): **C&D,** MitoQ~10~ (MQ): **E&F**, Vitamin D3 (VD): **G&H**, Vitamin D3 plus MitoQ~10~ (V+M): **I&J** and Positive control (PC): **K&L** groups. In A, B, C and D sections, many follicular cyst (**FC**) and atretic follicle (**AtF**) but no corpus luteum (**CL**) were observed. E, F, G, H, I, J, K and L sections show various stages of follicular development such as pre-antral follicle, antral follicle (**AF**), few atretic follicle (**AtF**) and many corpora lutea (**CL**) (H&E, **A C E G I K:** × 40, **B D F H J L**: × 100).Figure 4Table 5The mean number of follicles in the ovaries of mice from Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups.Table 5FolliclesNC (Mean ± SD)VDV (Mean ± SD)VD (Mean ± SD)MQ (Mean ± SD)V + M (Mean ± SD)PC (Mean ± SD)Pre antral7.8 ± 0.58.1 ± 0.2\#8.4 ± 0.4\#8.2 ± 0.38.5 ± 0.5\#8.4 ± 0.6\#Antral follicle1.8 ± 0.23.3 ± 0.3∗5.8 ± 0.3∗∗6.2 ± 0.1∗∗8.4 ± 0.4∗∗8.5 ± 0.5∗∗Atretic follicle8.8 ± 0.39.1 ± 0.4\#5.1 ± 0.5∗∗6.4 ± 0.4∗∗3.4 ± 0.3∗∗3.0 ± 0.0∗∗Follicular cyst7.2 ± 0.26.9 ± 0.5\#4.4 ± 0.2∗∗5.0 ± 0.0∗∗0∗∗0∗∗Corpus luteum00\#6.2 ± 0.3∗∗5.9 ± 0.1∗∗8.3 ± 0.4∗∗7.8 ± 0.3∗∗[^3]

3.4. Expression of steroidogenic genes and enzymes {#sec3.4}
--------------------------------------------------

To confirm successful induction of PCOS mice model, steroidogenic genes (StAR, Cyp 11a1, 3βHSD and Cyp19a1) mRNA expression levels were compared among the Control, Vehicle, and DHEA group. It was observed that the expression rate of StAR, Cyp 11a1, 3β-HSD and Cyp19a1 were at least, significantly higher in DHEA group when compared with the Control (P \< 0.05 or 0.001). There was no significant difference in the rate of expression of mRNAs of these genes in Vehicle group as compared with the Control group ([Figure 5](#fig5){ref-type="fig"}). Moreover, western blotting analysis also revealed high expression of 3β-HSD and Cyp19a1 proteins in DHEA treated mice as compared to those of Control or Vehicle group ([Figure 6](#fig6){ref-type="fig"}). In assessing the effect of Vitamin D3 and MitoQ~10~ on the DHEA treated mice, the expression rate of the mRNA of StAR, Cyp 11a1, 3β-HSD and Cyp19a1 were compared between NC and VDV, VD, MQ, V+M as well as PC groups. The results showed that, the mRNA expression level of Cyp 11a1, Star and Cyp19a1 in VD, MQ, V+M and PC groups were at least significantly lower as compared with the NC group (P \< 0.05 or 0.001).Figure 5Relative expression of mRNAs of **A**: 3β-hydroxysteroid dehydrogenase (**3β-HSD**), **B**: steroidogenic acute regulatory (**StAR**), **C**: cytochrome P450 family 11 subfamily member 1 (**Cyp11a1**), **D**: cytochrome P450 aromatase (**Cyp19a1**) by ovaries of mice in Control (**CONT**), Vehicle (**VEHI**) and dehydroepiandrosterone (**DHEA**) treated groups. \# indicate p \> 0.05, ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when rate of expression was compared with the CONT group.Figure 5Figure 6Expression of **A:** 3β-hydroxysteroid dehydrogenase (**3β-HSD**) and **B:** cytochrome P450 aromatase (**Cyp19a1**) proteins by ovaries of mice in Control (**CONT**), Vehicle (**VEHI**) and dehydroepiandrosterone (**DHEA**) treated groups. \# indicate p \> 0.05, ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when rate of expression was compared with the CONT group. (Full-unadjusted images are shown in supplementary material 1, 2 and 5).Figure 6

However VD, V+M and PC groups showed at least significantly lower rate of expression level of 3β-HSD mRNA as compared to NC (P \< 0.05 or 0.001) group while no significant difference in expression rate of 3β-HSD mRNA was observed between the MQ and NC groups. Moreover, between VD and MQ group, significant difference of 3β-HSD and StAR mRNA expression was observed (p \< 0.05 or 0.001) but no significant difference was observed in Cyp19a1 and Cyp11a1 mRNA expression (p \> 0.05). The expression rate of mRNA of all the steroidogenic genes showed no significant difference between NC and VDV groups ([Figure 7](#fig7){ref-type="fig"}). Correspondingly, the western blotting results confirmed the RT-PCR results. The expression of 3β-HSD and Cyp19a1 proteins were higher in NC and VDV. Comparatively, moderately expression of 3β-HSD and Cyp19a1 proteins was observed in MQ and VD groups while in V+M and PC groups the amount the proteins expressed were very low. Between MQ and VD groups, no significant difference in amount of Cyp19a1 and 3β-HSD proteins was observed (p \> 0.05) ([Figure 8](#fig8){ref-type="fig"}).Figure 7Relative expression of mRNAs of **A**: 3β-hydroxysteroid dehydrogenase (**3β-HSD**), **B**: steroidogenic acute regulatory (**StAR**), **C**: cytochrome P450 family 11 subfamily member 1 (**Cyp11a1**), **D**: cytochrome P450 aromatase (**Cyp19a1**) by ovaries of mice in Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups. \# indicate p \> 0.05, ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when the rate of expression of the other groups was compared with that of NC group.Figure 7Figure 8Expression of **A:** 3β-hydroxysteroid dehydrogenase (**3β-HSD**) and **B:** cytochrome P450 aromatase (**Cyp19a1**) proteins by ovaries of mice in Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups. \# indicate p \> 0.05 ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when the mean level of the other groups was compared with that of NC group. (Full-unadjusted images are shown in supplementary material 1, 2 and 5).Figure 8

3.5. Expression of OS genes and proteins {#sec3.5}
----------------------------------------

The mRNA expression level of Keap 1, HO-1 and Nrf2 genes were compared between NC and VDV, VD, MQ, V+M as well as PC groups in order to assess the effect of MitoQ~10~ and Vitamin D3 on ovarian OS of DHEA treated mice. The RT- PCR results showed that, the expression level of Keap 1, HO-1 and Nrf2 genes mRNA were significantly lower in MQ, V+M and PC when compared with that of NC group (P \< 0.05 or 0.001). Between the NC and VDV groups, no significant difference was observed in the mRNA expression level of Keap 1, HO-1 and Nrf2 genes. ([Figure 9](#fig9){ref-type="fig"}). However, when NC was compared with VD group, it was observed that mRNA expression of HO-1 and Nrf2 (P \< 0.05) but not Keap1 (P \> 0.05), were significantly lower. Moreover, significant difference of mRNA expression of Keap1, HO-1 and Nrf2 were observed, when VD and MQ were compared (p \< 0.05) ([Figure 9](#fig9){ref-type="fig"}). In accordance, the western blotting results showed similar observations. There were high, moderate and low expression of Nrf2 and HO-1 proteins by PC and VDV, MQ and VD and V+M and PC groups respectively. Between MQ and VD groups no significant difference were observed in the amount Nrf2 and HO-1 proteins (p \> 0.05) ([Figure 10](#fig10){ref-type="fig"}).Figure 9Relative expression of mRNAs of **A**: Heme oxygenase-1 (**HO-1**)*,***B**: Nuclear factor erythroid-2-related factor 2 (**Nrf2**) and **C**: Kelch-like ECH-associated protein 1 (**Keap1**) by ovaries of mice in Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups. \# indicate p \> 0.05, ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when the rate of expression of the other groups was compared with that of NC group.Figure 9Figure 10Expression of **A:** Heme oxygenase-1 (**HO-1**) and **B:** Nuclear factor erythroid-2-related factor 2 (**Nrf2**) proteins by ovaries of mice in Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V+M) and Positive Control (PC) groups. \# indicate p \> 0.05 ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when the mean level of the other groups was compared with that of NC group. (Full-unadjusted images are shown in supplementary material 3, 4 and 5).Figure 10

3.6. OS markers analysis {#sec3.6}
------------------------

Oxidative stress (OS) status was verified by assessing the levels of MDA (in sera) and SOD (in both sera and ovarian tissue) after administering MitoQ~10~ and Vitamin D3 in the DHEA treated mice. The serum level of MDA and SOD were observed to be significantly lower in VD, MQ, V+M and PC groups when compared with NC group (P \< 0.05 or 0.001). Interestingly, the amount of ovarian levels of SOD was lower in NC group when compared with MQ, VD, PC and M+Q groups (P \< 0.05 or 0.001). Between MQ and VD groups, significant difference of serum level of SOD and MDA but not ovarian level of SOD were noted (P \< 0.05). Moreover, between NC and VDV groups, no significant difference was observed in terms of sera level of MDA and SOD or ovarian tissue level of SOD ([Figure 11](#fig11){ref-type="fig"}).Figure 11Amount of **A**: serum Malondialldehyde (MDA), **B**: serum superoxide dismutase (SOD) activities and **C**: ovarian tissue superoxide dismutase (SOD) activities of mice in Negative control (NC), Vitamin D3 vehicle (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), Vitamin D3 plus MitoQ~10~ (V + M) and Positive Control (PC) groups. \# indicate p \> 0.05 ∗ indicates p \< 0.05 and ∗∗ indicates p \< 0.01 when the mean level of the other groups was compared with that of NC group.Figure 11

4. Discussion {#sec4}
=============

In this present study, the PCOS model was induced by subcutaneous injection of DHEA in pre-pubertal mice. When the biochemical data were compared, estradiol, progesterone, LH, FSH and LH/FSH levels were significantly higher in DHEA treated group. The DHEA treated group also had persistence estrus stage. The ovarian histomorphological sections of DHEA treated group revealed many atretic and follicular cyst with no corpus luteum. High rate of expression of steroidogenic enzymes (3β-HSD, Cyp19a1, Cyp11a1and StAR) was also observed in DHEA treated group. In a comparative study Motta et al. reported that DHEA-induced PCOS mouse model exhibited most of the features seen in Human PCOS patients including abnormal steroidogenesis, hyperandrogenism, insulin resistance, and abnormal follicular development leading to anovulation and infertility \[[@bib17]\]. Arrested estrus cycle, high LH/FSH ratio and the presence of many atretic and follicular in ovary after treatment with DHEA have been reported by many researchers \[[@bib14], [@bib18], [@bib19], [@bib20]\], In addition high rate of expression mRNA and proteins of 3βHSD, Cyp19a1, Cyp11a1and StAR has been observed in patients with PCOS when compares with their normal counterparts \[[@bib21], [@bib22]\].

High level of androgens directly causes hypothalamic - pituitary axis to produce more LH or cause insulin resistance and its consequence of hyperinsulinemia \[[@bib23]\]. High level of insulin further disturb hypothalamic-pituitary axis leading to high amount of LH \[[@bib24], [@bib25]\]. Hyperandrogenism also causes hyper activation of steroidogenic enzymes leading to high level of estradiol which inhibit FHS production by the hypothalamic - pituitary axis \[[@bib26], [@bib27]\]. High level of LH and low level of FSH results increase in LH/FSH, which consequently causes follicular arrest, atretic follicles and follicular cyst formation, anovulation and disturbed estrus cycle seen in PCOS patience \[[@bib13], [@bib28]\].

Following confirmation of PCOS, the mice were divided into five groups and administered with DHEA (NC), Ethanol dissolved with distilled water (VDV), Vitamin D3 (VD), MitoQ~10~ (MQ), and both MitoQ~10~ and Vitamin D3 (V+M). To avoid injury to the esophagus due to long time gavage, Vitamin D3 and MitoQ~10~ were administered intraperitoneal and orally respectively.

As a result of abnormal histomorphology, many atretic follicles and follicular cyst as well as absence corpus luteum observed in DHEA treated group, Vitamin D3 and MitoQ~10~ were administered for 20 days to allow enough time for oogenesis which takes at least three weeks to produce antral follicles in mice \[[@bib29]\].

To rule out the possibility of self-recovery, the VDV group was included in the study where DHEA treatment was discontinued and neither Vitamin D3 nor MitoQ~10~ was administered. The results from NC and VDV showed similar serum estradiol, progesterone, LH, FSH, LH/FSH SOD and MDA, and ovarian SOD level. Moreover, there was no significant difference in the expression of 3β-HSD, Cyp19a1, Cyp11a1, StAR, Keap1, HO-1 and Nrf2. Histomorphological observations of ovary sections from these groups were very similar, characterized with many atretic follicles and follicular cyst but no corpus luteum. In comparative reports, low ovarian level of SOD, high serum level of MDA and SOD have been reported in PCOS women \[[@bib30], [@bib31]\]. Increased Cyp11a1 and Cyp17a1 mRNA expression, as well as increased 3βHSD and 17βHSD enzyme activity by ovarian cells and consequently increased production of progesterone, and estradiol are stable properties PCOS \[[@bib32]\].

Oxidative stress (OS) is closely link with low-grade inflammation in the ovarian tissues, which may leads to hyperandrogenism \[[@bib33], [@bib34], [@bib35]\] while hyperandrogenism results OS through insulin resistance. Hyperandrogenism is characterized by high level of androgens such as testosterone, Dihydrotestosterone and androstenedione. Even though this study did not include protocols for assessing the levels of androgens but hyperandrogenism is indirectly confirmed by high level of estradiol that might be due to conversion of androgens such as testosterone and androstenedione by 17β-HSD2 and Cyp19a1 enzymes respectively. Hurrle and Hsu reported that, OS influences insulin resistance and vice versa \[[@bib36]\]. This suggest that the pathophysiological circle of PCOS involving OS, hyperandrogenemia and insulin resistance may still continue, resulting chronic PCOS even if the initial exposure of androgen that initiated the PCOS is absent. Subcutaneous injection of DHEA in pre-pubertal mice for 20 consecutive day induces chronic PCOS phenotype very similar to that of humans \[[@bib37]\]. Thus, mice in VDV groups continued to exhibits PCOS features despite discontinued injection of DHEA.

MitoQ~10~ was very effective in reducing ovarian oxidative stress. In MQ group, significant downregulation of HO -1, Keap1 and Nrf2 was observed. In addition, serum MDA and SOD levels were significantly lower while ovarian tissue level of SOD significantly improved. Our results is in agreement with earlier study by Ding et al, where they observed significantly low serum amount of SOD and MDA in MitoQ~10~ treated group as compared with PCOS-IR group \[[@bib16]\]. Several researchers have also reported antioxidant capabilities of MitoQ~10~. Zhou et al. reported MitoQ~10~ administration increased the activity of SOD and decreased MDA level in mice \[[@bib38]\]. MitoQ~10~ replenished mitochondrial SOD, an important agent for dampening superoxide anions and subsequent lipid peroxidation \[[@bib39]\]. Moreover, MitoQ~10~ increased mitochondrial glutathiones and GPx \[[@bib40], [@bib41]\]. A previous study indicated that, MitoQ~10~ prevented the inhibition of SOD and glutathiones from damage by free radicals in cardiac tissue \[[@bib42]\]. Hu et al. concluded that, MitoQ~10~ prevented intestinal cells damage by prevention OS through Nrf2/Keap 1 antioxidant related enzymes (ARE) pathway \[[@bib43]\]. Furthermore, MitoQ~10~ ameliorates testis injury from OS attack by repairing mitochondria and promoting the Nrf2/Keap1 pathway \[[@bib44]\].

Keap1codes for repressor protein that binds to Nrf2 protein. Under OS condition, keap1 protein dissociate from Nrf2 causing it to be activated. The activated Nrf2 moves into the nucleus and promote transcription of antioxidant related enzymes (ARE) such as HO-1, which leads production of antioxidants including SOD, GPx and CAT. Thus, cell under OS therefore expresses high level of Nrf2, HO-1 and Keap1 leading to elevated level of natural antioxidants. MDA, and SOD are commonly used as markers to evaluate OS levels in PCOS. Of these, MDA is the product of lipid oxidation, and high level indicate high amount of ROS. SOD is an enzyme, which can catalyze dismutation of superoxide radicals into ordinary molecular oxygen or hydrogen peroxide \[[@bib45]\]. High amount of SOD is an indication of low OS \[[@bib38]\]. Low serum level of MDA and high Level of ovarian tissue SOD coupling with low expression of Nrf2, Keap1 and HO-1 observed in MQ group suggest that MitoQ~10~ was effective in reducing ROS in the ovary of DHEA induced PCOS model.

In the same MQ group in this study, downregulation of steroidogenic enzymes including Cyp19a1, Cyp11a1 and StAR was observed. However, MitoQ~10~ failed to downregulate the expression of 3β-HSD though, significantly low amount of estrogen, progesterone, LH, FSH and LH/FSH were observed. This present findings is in some way contrary to previous study executed by Ibrahim et al \[[@bib46]\] where they concluded that MitoQ~10~ modulated testicular steroidogenesis by regulating the expression of 3βHSD, 17β-HSD and StAR, genes. This present study used female mice of which the reproductive system and expression of pattern of steroidogenic genes may be different from that of male counterpart. As a result, steroidogenic genes expression response to MitoQ~10~ may be different between the two sexes.

Moreover, histomorphological section of ovaries from mice in the MQ group in this present study showed partial restoration of ovarian morphology. Even though follicles at various stages of development were observed but many follicular cyst and atretic follicle were still present. As far as we know, studies that have assessed the effect of MitoQ~10~ on ovarian morphology in PCOS is very limited, in spite of the powerful antioxidant capacity of MitoQ~10~. However, similar to our outcome, Ding et al 2019 pointed out that, MitoQ~10~ improved the morphology of ovarian follicles and increases the granulosa cells of the PCOS-IR rat model \[[@bib16]\].

Hyperandrogenism in PCOS is strongly linked with OS and many authors have concluded that, the pathogenesis progression is closely associated with ROS \[[@bib47], [@bib48]\]. Accumulation of ROS in mitochondrion causes up regulation of steroidogenic enzymes resulting in hyperandrogenism.

Though there are natural antioxidants, such as Vitamin C and Vitamin E and SOD but they are less efficient in scavenging ROS in mitochondrion. MitoQ~10~ is a modified ubiquinone moieties by conjugating with TPP lipophilic cations, making it easy to move to mitochondrion matrix through phospholipid bilayers to combat with ROS \[[@bib49], [@bib50]\]. Thus, our results suggests that MitoQ~10~ reduced ovarian OS. The reduced OS paved way for downregulation of steroidogenic enzymes resulting in partial improvement of ovarian histomorphology of DHEA induced PCOS mice.

In the VD group, it was observed that, HO-1 and Nrf2 genes and the corresponding proteins were substantially downregulated. However, Keap1 failed to be downregulated in this group. Nevertheless, serum MDA and SOD levels were significantly lower while ovarian tissue level of SOD was significantly increased. In a study that compared serum level of Vitamin D3 with amount of ROS in follicular, Masjedi et al concluded that the amount of Vitamin D3 negatively correlated with amount of ROS \[[@bib51]\]. Moreover, several authors have attested the antioxidant capability of Vitamin D3. In a study conducted on rats, antioxidant effects of Vitamin D3 was better than vitamin E in inhibiting lipid peroxidation and improving SOD activity \[[@bib52]\]. Vitamin D3 supplement decreased serum MDA and SOD \[[@bib53], [@bib54], [@bib55], [@bib56], [@bib57]\]. Wiseman reported antioxidant nature of Vitamin D3 as it inhibited iron-dependent lipid peroxidation in liposomes which is major source of MDA \[[@bib58]\].

Steroidogenesis was modulated in the Vitamin D3 treated group by significantly down regulating the expression of 3β-HSD, Cyp19a1, Cyp11a1 and StAR, In addition, significant reduction of LH, FSH, LH/FSH ratio, estradiol and progesterone were observed in this group. Bakhshalizadeh et al demonstrated that Vitamin D3 reduced the hyper expression of 3β-HSD, Cyp19a1, Cyp11a1, StAR by granulosa cells of PCOS (induced by DHEA) mouse model \[[@bib14]\]. In another related studies, it was reported that Vitamin D3 decreased Cyp19a1 and 3β-HSD expression, which led to decreased in the serum amount of estradiol and progesterone \[[@bib59]\]. Our observation clearly supports the fact that Vitamin D3 has ability to downregulate steroidogenic enzymes.

The histomorphological sections from Vitamin D3 treated group showed significant low number of follicular cyst and atretic follicle. In addition, follicles at various stages of development including pre antral and antral follicles as well as corpora lutea were observed. In the related studies, Celik et al reported that Vitamin D3 prevented the formation of PCOM induced by DHEA in rats \[[@bib60]\]. Behmanesh et al also observed that morphology of follicles at various stages of development and corpora lutea were normal when PCOS rats were treated with Vitamin D3 \[[@bib15]\]. The mechanism through which Vitamin D improves PCOM is not fully understood. However Vitamin D receptors (VDRs) have been expressed by placenta, endometrium and ovary \[[@bib61]\] and low level of Vitamin D is associated with calcium dysregulation, resulting in development of follicular arrest as well as menstrual and fertility dysfunction in women with PCOS \[[@bib62]\]. Moreover, Vitamin D also plays a physiological role in reproduction such as ovarian follicular development and luteinization through anti-müllerian hormone (AMH) signaling, FSH sensitivity and progesterone production in human granulosa cells \[[@bib63], [@bib64]\]. Vitamin D levels in follicular fluid negatively correlated with AMH and AMH receptor (AMHR)-II mRNA levels in cumulus granulosa cells of small follicles. This suggest that Vitamin D alters AMH signaling and steroidogenesis in human cumulus granulosa cells, possibly reflecting a state of granulosa cells luteinization potentiation \[[@bib65]\]. According to Jones et al, Vitamin D regulates steroidogenic gene transcription through nuclear Vitamin D receptors (VDRs) that are found in ovaries \[[@bib66]\].

Data from VD group suggest that Vitamin D3 moderately reduced ovarian OS. Reduced OS enhanced Vitamin D3 steroidogenesis signaling pathways causing reduction of estradiol, progesterone, LH, FSH and LH/FSH ratio and consequently improving folliculogenesis and ovarian tissue histomorphology in DHEA induced PCOS mouse model.

In this study, comparison of effectiveness between MitoQ~10~ and Vitamin D3 was made. It was observed that, while Vitamin D3 was better in modulating steroidogenic enzymes, MitoQ~10~ was very effective in reducing OS. The data confirms antioxidant capability as reported in the literature but unlike MitoQ~10~, Vitamin D3 lack the ability to effectively scavenge ROS in mitochondria matrix that might have resulted from hyper expression of steroidogenic enzymes. MitoQ~10~ may combat with OS in both cytoplasm and mitochondrion hence it offer better capability as antioxidant in reducing ovarian OS in DHEA induced PCOS model than VitaminD3.

The combination of Vitamin D3 and MitoQ~10~ had great ability in reducing OS. The serum MDA and SOD levels were significantly reduced while ovarian tissue SOD level increased in V+Q group. The mRNA expression level of Keap1, HO-1 and Nrf2 were significantly low.

Data from this group also showed that, combination of Vitamin D3 and MitoQ~10~ had a profound effect on DHEA induced PCOS model ovarian steroidogenesis. In this group, the mRNA expression levels of 3β-HSD, Cyp19a1, Cyp11a1 and StAR were significantly reduced when compared with that of NC group. In addition, significantly low serum levels of progesterone, estradiol, LH, FSH, LH/FSH were observed.

Ovarian histomorphological sections of mice from the very same group revealed very healthy ovary characterized with significantly higher number of follicles at various stages of development as well as many corpora lutea. Most interestingly, no follicular cyst was observed in any of the histomorphological sections from this group. Moreover, there was complete restoration of estrus cycle of all the mice in this group. More importantly, all the observations made on V+M group were very similar to that of the PC group, indicating that combination of Vitamin D3 and MitoQ~10~ had significantly positive effect on DHEA PCOS mouse model.

Literature on the study that has assessed the combine effect of MitoQ ~10~ and Vitamin D3 on PCOS is lacking. However, the efficacy of Vitamin D and metformin in management of infertility in PCOS have been attested \[[@bib67], [@bib68]\]. Abdelaziz et al. reported combination of CoQ~10~ (an analogue of MitoQ~10~) and clomiphene citrate was effective in induction of ovulation in PCOS patients \[[@bib69]\]. Though Vitamin D3 has been used to manage PCOS but the results are inconsistent and whether Vitamin D deficiency is etiologic agent or as a symptom of PCOS still remain enigmatic \[[@bib65]\]. It is believed that, Vitamin D deficiency effect on PCOS might be synergistic or depends on other factors. Therefore this study was intended to investigate the link between Vitamin D deficiency and OS in PCOS hence for the first time, the combine effect of Vitamin D3 and MitoQ~10~ on DHEA induced PCOS mice has been assessed.

The fact that the parameters of the V+M group were very similar to that of the PC group suggests that the combine effect of Vitamin D3 and MitoQ~10~ on DHEA induced PCOS mouse model was outstanding. The mechanism through which Vitamin D3 and MitoQ~10~ attenuates PCOS has not been covered by this present study. However based on the results of the present study and the available literature, we propose that both Vitamin D3 and MitoQ~10~ significantly reduced ovarian OS. Reduction of OS coupling with Vitamin D3 signaling effect on steroidogenesis consequently ameliorated hyperandrogenism thereby reducing LH/FSH ratio. Once LH/FSH ratio is normal, hapothalomo-pituitary-gonadal axis was restored thereby improving folliculogenesis and healthy ovarian morphology.

5. Conclusion {#sec5}
=============

In conclusion, the findings of this present study support the idea that, OS and Vitamin D3 deficiency play a significant role in the pathogenesis of PCOS. Thus, Vitamin D3 and antioxidant (MitoQ~10~) supplement may be important in the management of PCOS. More similar studies on other subjects is warranted.
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